Odor-shock memory in Drosophila melanogaster consists of heterogeneous components each with different dynamics. We report that a null mutant for the evolutionarily conserved synaptic protein Synapsin entails a memory deficit selectively in early memory, leaving later memory as well as sensory motor function unaffected. Notably, a consolidated memory component remaining after cold-anesthesia is not impaired, suggesting that only anesthesia-sensitive memory [ASM] depends on Synapsin. The lack of Synapsin does not further impair the memory deficit of mutants for the rutabaga gene encoding the type I adenylyl cyclase. This suggests that cAMP signaling, through a Synapsin-dependent mechanism, may underlie the formation of a labile memory component.
[Supplemental material is available online at http://www.learnmem.org.]
Memory is dynamic: shortly after acquisition it is amenable to amnesic treatments, gets gradually consolidated, and becomes resistant to retrograde amnesia (McGaugh 2000) . Associative olfactory memory of the fruit fly Drosophila melanogaster also shows these features. After a single associative training cycle where an odor is paired with electric shocks (Quinn et al. 1974; Tully and Quinn 1985) , flies form an aversive odor memory that lasts for several hours. This memory consists of qualitatively different components. These can be dissociated by mutations, their underlying neuronal circuitry, and susceptibility to amnesic treatment (Dubnau and Tully 1998; Isabel et al. 2004; Keene and Waddell 2007; Xia and Tully 2007; Masek and Heisenberg 2008) , as well as by the strength of shock reinforcement required for their establishment (Supplemental Figs. 1, 2) . A component that is susceptible to amnesic treatment such as cold-anesthesia (i.e., anesthesia-sensitive memory [ASM]) dominates early memory, but decays rapidly (Quinn and Dudai 1976; Margulies et al. 2005) . A consolidated component that is resistant to the cold-anesthesia (anesthesiaresistant memory [ARM] ) is built gradually within the following hours and lasts significantly longer (Quinn and Dudai 1976; Margulies et al. 2005) . ARM and ASM rely on different molecular and/or neuronal processes: ARM is selectively impaired in the radish mutant, whereas for example the amnesiac and rutabaga genes are specifically required for ASM (Quinn and Dudai 1976; Dudai et al. 1988; Folkers et al. 1993; Tully et al. 1994; Isabel et al. 2004; Schwaerzel et al. 2007 ). The latter comprise the cAMP signaling pathway in the fly, with the PKA being its supposed major target (Levin et al. 1992) . However, reduced PKA activity in the mushroom body was recently found to improve ARM, implying a role of PKA signaling for both ASM and ARM (Horiuchi et al. 2008) . As the downstream effector(s) of this cascade remains elusive, we focus here on the contribution of the Synapsin protein as a candidate.
Synapsin is an evolutionarily conserved phosphoprotein (encoded by the synapsin gene) associated with synaptic vesicles (Hilfiker et al. 1999; Südhof 2004; Evergren et al. 2007) . It is required to maintain vesicle release specifically under high frequency nerve stimulation (Li et al. 1995; Pieribone et al. 1995; Sun et al. 2006; Akbergenova and Bykhovskaia 2007) . In Drosophila as well as in vertebrates, a lack of Synapsin entails a defect in learning and memory (Silva et al. 1996; Gitler et al. 2004; Godenschwege et al. 2004; Michels et al. 2005) . Notably, in olfactory memory of Drosophila this memory defect is only partial despite the complete lack of the protein (Godenschwege et al. 2004 ). Therefore, we address here whether memory in this synapsin mutant is generally reduced or whether the defect is specific for one memory component.
Flies were raised at 25°C and 60% humidity with a 14-h:10-h light:dark cycle. A null mutant for synapsin (CG3985, synapsin
97
[syn 97 ]), which had been backcrossed 13 times to wild-type Canton-S (Michels et al. 2005) , and the respective wild-type Canton-S flies were used. All behavioral experiments were performed at room temperature (22 6 3°C) with relative humidity at 80 6 5%. One-to 5-d-old adult flies were trained under dim red light and tested in complete darkness. All flies were collected and transferred to fresh food vials at least 24 h before the experiments. The significance level of all statistical tests was set to 5%. All groups were first tested for normal distribution and homogeneity of variance with the Shapiro-Wilk test followed by Bonferroni correction and Bartlett's test, respectively. As none of them significantly violated these assumptions, parametric comparisons (i.e., t-test, one-or two-way ANOVA followed by Bonferronicorrected post hoc tests, or Pearson product-moment correlation coefficient) were applied as specified in the figure legends. All statistical calculations were performed using the software Prism 5 (GraphPad).
As a prerequisite for attributing a memory phenotype to an impaired learning-memory ability, it is essential to test the naïve responses of the animals to the to-be-associated stimuli as well as responses after training-like exposure (sham training) (Préat 1998; Michels et al. 2005) . Moreover, the impairment of odor-induced habituation in the synapsin mutant (Godenschwege et al. 2004) implies its contribution to nonassociative experience-dependent changes in odor responses.
Flies were tested for responsiveness to electric shock and the odors in the same T-maze assay as used for the learning experiments. To test the responsiveness to olfactory cues, naïve flies were given 2 min to choose between two arms of the T-maze; one scented with the respective odor used for conditioning and the other one unscented. A performance (avoidance) index (PI) was calculated by subtracting the number of flies in the unscented arm (N À ) from that in the scented (N + ) arm: 100 3 (N À À N + )/(N À + N + ) (Tully and Quinn 1985) . To test for mutant defects entailed by the mere exposure to either odors or electric shock, odor responsiveness is tested after treatments where odors were administered in the same regimen as during conditioning (sham training) (Michels et al. 2005) . Consistent with the impairment of the synapsin mutant in odor-induced habituation, we found that responses to several odors after sham training were significantly different in wild-type and synapsin mutant flies (data not shown). After testing several odor combinations, we chose the undiluted chemicals benzaldehyde (Fluka) and (R)-(+)-limonen (Sigma-Aldrich), presented in cups with a diameter of 5 mm and 7 mm, respectively, as odors for all experiments. With this odor combination, neither naïve odor responses nor odor responses after sham training differed between mutant and wild-type (P > 0.05; Fig. 1A ). For electric shock responsiveness, flies were given 1 min to choose between an electrified (90 V, 12 pulses as above) and a nonelectrified arm of the T-maze. A PI was calculated as in odor avoidance. The shock avoidance of wild-type and synapsin mutant revealed no significant difference (P > 0.05; Fig. 1B) (Godenschwege et al. 2004 ).
Next, we examined immediate and 5-h olfactory memory scores of synapsin mutant and wild-type flies after a single associative training event. Standard differential olfactory conditioning was performed (Tully and Quinn 1985; Schwaerzel et al. 2002) . To correct a learning-independent preference to one of the two odors, two separate groups of flies were trained reciprocally: one group received odor A with shock (A+) and B without (BÀ), and the other group received odor B with shock (B+) and A without (AÀ). A learning index (LI) was then calculated as the mean preference of these two reciprocally trained groups (Tully and Quinn 1985) . To rule out nonassociative effects caused by the order of the reinforcement, in half of the experiments the first presented odor was punished (A+, BÀ and B+, AÀ) and vice versa in the other half (AÀ, B+ and BÀ, A+). Immediate memory of the synapsin mutant was, as previously reported, significantly lower than in the wildtype control (P < 0.01, n = 8; Fig. 1C ) (Godenschwege et al. 2004 ). Importantly, this deficit was not detectable when the flies were tested 5 h after training ( Fig. 1C ; P > 0.05, n = 8; significant interaction [genotype 3 retention interval] with two-way ANOVA, P < 0.01). These results suggest that Synapsin function is selectively required to form short-term memory.
Since short-term olfactory memory mainly consists of a labile memory component (i.e., ASM), we hypothesized that Synapsin may be specifically required for ASM. To this end, we dissected the composition of 2-h memory (Fig. 2) by administering a 2-min cold-anesthesia to the flies at 1 h after training (Folkers et al. 1993 ).
The effect of this anesthetic treatment on 2-h memory scores was different between wild-type and synapsin mutant (P < 0.001; significant interaction [cold shock 3 genotype] with two-way ANOVA, n $ 11). Without cold-anesthesia, the memory score of the synapsin mutant was lower than in wild-type flies (P < 0.001), whereas ARM of these flies was indistinguishable (P > 0.05). This suggests that Synapsin is selectively required for ASM.
To genetically address whether cAMP/PKA signaling may act through Synapsin as an effector, we asked whether the memory impairment of the synapsin mutant is additive to that of a rutabaga mutant (Levin et al. 1992 ). The rutabaga gene encodes a type I adenylyl cyclase and affects memory scores immediately after training ( Fig. 3 ; see also Tully and Quinn 1985) . If Synapsin were acting as an effector of cAMP/PKA signaling, the absence of Synapsin protein should not matter in the rutabaga mutant background; that is, the double-mutant should not be impaired beyond the more severely affected single mutant. We tested the homozygous hypomorphic rutabaga 2080 mutant (CG9533, rut 2080 ; Pan et al. 2009 ) and a rutabaga 2080 ; synapsin 97 double-mutant. We found that short-term memory of the double-mutant is indeed not significantly lower than the rutabaga 2080 single mutant (P > 0.05). Both single mutants performed significantly worse than the wildtype control (P < 0.001, n $ 12). These results imply that Synapsin is part of the cAMP cascade, potentially acting as one of the downstream targets of PKA. Lack of Synapsin in Drosophila as well as in vertebrates has been reported to cause memory defects (Silva et al. 1996; Godenschwege et al. 2004; Michels et al. 2005 ). This Figure 1 . Lack of Synapsin leaves sensory-motor function intact but impairs immediate memory. (A) Odor responses toward benzaldehyde and limonene are unaffected in the synapsin mutant, both in terms of naïve avoidance and after preexposure to either odors or electric shock (P > 0.05, n $ 8).
(B) Shock avoidance (90 V) of the synapsin mutant is also not different from wild-type flies (P > 0.05, n = 12). (C ) The synapsin null-mutant shows a significantly decreased immediate memory compared with wild-type flies (**: P < 0.01, n = 8). No significant deficit is detectable when the flies are tested 5 h after training (P > 0.05, n = 8). Bars and error bars represent means and SEM, respectively. Figure 2 . Synapsin contributes to anesthesia-sensitive but not anesthesiaresistant memory. Without cold-anesthesia, memory scores are lower in the synapsin mutant than in wild-type flies (***: P < 0.001). If coldanesthesia is given at 1 h after training, no significant difference in ARM can be detected (P > 0.05; n $ 11). Thus, the memory component that is missing in the synapsin mutant is sensitive to cold-anesthesia. study demonstrated that the requirement of Synapsin is selective for ASM (Fig. 2) , whereas ARM is not impaired (Fig. 2) . ASM is the labile component dominating immediate memory (Quinn and Dudai 1976; Margulies et al. 2005) ; notably, ARM can be formed even with impaired ASM (Fig. 3) . This suggests that ASM and ARM are formed, at least partially, in parallel, independent of each other (Isabel et al. 2004 ; for a similar scenario in Aplysia see Emptage and Carew 1993; Sherff and Carew 2004) . We additionally found that weak shock was sufficient to form ARM, but not full ASM (Supplemental Fig. 2) . Therefore, Synapsin function might be required to form the labile component of memory induced by strong punishment.
Synapsin-dependent maintenance of synaptic release is selectively uncovered under high-frequency nerve stimulation (Rosahl et al. 1993; Pieribone et al. 1995; Gitler et al. 2004; Sun et al. 2006; Akbergenova and Bykhovskaia 2007) . Phosphorylation of Synapsin, triggered by a global Ca 2+ increase in presynaptic boutons, promotes recruiting vesicles from the reserve pool to the active zone to be subsequently available for release (Pieribone et al. 1995; Bloom et al. 2003; Menegon et al. 2006; Sun et al. 2006; Gaffield and Betz 2007 ). An impairment in this conditional vesicle recruitment might be a biochemical explanation for the memory deficit of the synapsin mutant.
We addressed whether the memory deficit of the synapsin mutant is included in that of a mutant in the type I adenylyl cyclase gene rutabaga by comparing the memory performance of a double-mutant for rutabaga and synapsin with the more severely affected rutabaga single mutant (Fig. 3) . We showed that the absence of Synapsin protein did not further impair olfactory memory in the rutabaga mutant background (Fig. 3) . Although our study does not identify the cellular site of Synapsin action in ASM, the output synapses of the Kenyon cells in the mushroom body might be the prime candidate, because the Rutabaga protein, to which Synapsin conceivably acts downstream, is critical in the Kenyon cells for odor-shock short-term memory (discussion in Gerber et al. 2004; Tomchik and Davis 2009) . Unlikely candidates for the action of Synapsin are the neurons only required for processing the odors or electric shock, because the responses to these stimuli were not impaired in the mutant (Fig. 1A,B) .
The inclusion of the memory phenotype of the synapsin mutant in rutabaga may suggest Synapsin as a part of the cAMP signaling cascade and, if they would function in the same cells, as a potential downstream target of PKA. This is consistent with physiological studies demonstrating that cAMP signaling is selectively required for the recruitment of the reserve pool vesicles (Kuromi and Kidokoro 2000; Kuromi and Kidokoro 2002) , as well as with the selective requirement of rutabaga for ASM, but not for ARM (Isabel et al. 2004 ). Both results fit very well with the physiology and memory of the synapsin mutant (Akbergenova and Bykhovskaia 2007) . These lines of argument suggest that cAMP/PKA signaling might regulate the reserve-pool vesicle recruitment through Synapsin and that this process might underlie ASM. Figure 3 . No additive learning defect of mutations in the synapsin and rutabaga genes. Compared with wild-type flies, synapsin mutants show significantly less short-term memory (***: P < 0.001). The synapsin/ rutabaga double-mutant shows no additive learning defect compared with the more severely affected single mutant for rutabaga (P > 0.05, n $ 12).
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